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Abstract 
Abrasive Flow Machining (AFM) is an advanced nonconventional finishing process, in which viscoelastic polymer carrier 
medium mixed with suitable abrasive particle is forced through the workpiece having intricate profile/cavities for which high 
quality surface finish is prime significance. So AFM process is used for finishing, deburring, edge rounding and general 
improvement of surface quality of workpiece with complex geometries. In the present study modeling of abrasive flow 
machining including force modeling and material removal rate is presented. During the simulation computational fluid dynamic 
(CFD) analysis has been carried out while modelling convergent - divergent nozzle made of mild steel using ANSYS 15.0 
software. The paper containing CFD simulation results of axial stress, radial stress, depth of indentation and material removal 
rate. 
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1. Introduction 
       Abrasive Flow Machining (AFM) is a finishing process mainly used to deburr, radius, polish and remove recast 
layer of components for achieving micro or nano level finish on varies components. AFM uses specially prepared 
media containing abrasive and a polymer of special rheological properties is forced through a workpiece having 
 
 
* Corresponding author. Tel.: +91 44 2257 4681 
E-mail address: somashekhar@iitm.ac.in 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of RAEREST 2016
1313 Yared Seifu et al. /  Procedia Technology  25 ( 2016 )  1312 – 1319 
variety intricate cavities in which high finishing is required. [6,11] Mixture of abrasive and polymer to act as a self-
forming tool which precisely removes the material of the workpiece and improves the surface finish. It is capable of 
machining areas, which are difficult to reach by conventional machining and can be used to machine and improve 
surface finish of internal parts.  
 
Nomenclature 
 a Radius of the projected area of indentation, m 
 dg Diameter of abrasive grain, m 
 dw Diameter of workpiece to be finished, m 
 Hw Hardness of workpiece material, N/m2 
 Fn Normal force applied to abrasive grain, N 
 Li Actual contact length in ith stroke, m 
 ls Stroke length, m 
 lw Workpiece length, m 
 N Number of abrasive grains acting per unit contact area of media and workpiece, m2 
 p Pressure, N/m2 
 Rw Radius of workpiece, m 
 Rc Radius of media cylinder, m 
i
aR  Initial surface roughness of the workpiece, Pm 
o
aR  Final surface roughness of the workpiece, Pm 
 t Depth of indentation of abrasive into workpiece material, m 
 V Volume of total material removed, m3 
 Vi Volume of material removed in ith stroke, m3 
 Vf Velocity of media inside the workpiece, m/s 
 Vp Velocity of piston or velocity of media flow at inlet, m/s 
 U Density of media, kg/m3 
 Vo Initial yield stress of the material, N/m2 
 ır Normal stress, N/m2 
 
 
      The workpiece hardness, abrasive size, abrasive hardness, extrusion pressure and properties of carrier media are 
the important process parameters that affect the performance of AFM. AFM system comprises of three separate 
components i.e. machine, tooling and medium. The machine comprises of frame structure, medium cylinder, 
hydraulic cylinder and control system. The tooling is outlined in such a path to hold the workpiece in position and to 
guide the stream of viscoelastic polymer medium. A number of investigators have carried out different studies about 
the different aspects of AFM. Maity and Tripathy [1] carried out CFD analysis and studied the effect of radial and 
normal stress on material removal rate. Das et al. [2] carried out a computational fluid dynamics simulation and 
experimental investigations on the magnetic-field assisted nano-finishing process. Davis and Fletcher [3] depicted 
the relationship between the number of cycles, temperature, and weight drop and over the kick bucket. (Rhodes [9] 
observed that in AFM process depth of cut by abrasive particles depends on size, relative hardness, sharpness of 
abrasive particles and extrusion pressure. Experimental study by Przyklenk [10] proposed that the material removal 
limit of high viscous medium was around 300 times more than that of low viscous base medium. Williams and 
Rajurker [8] conducted an investigation to study the impact of extrusion pressure and medium velocity on material 
removal rate and surface finish.  
In the present paper focus was made on, modelling of AFM process was carried out using CFD simulation 
through ANSYS 15.0 to determine the axial stress, radial stress, depth of indentation and material removal rate. 
Polyborosiloxane with grease is taken as the carrier impregnated with media and silicon carbide as the abrasive 
particles. The volume fraction, extrusion pressure and inlet velocity are considered as the process variable 
parameters. The axial stress, radial stress and depth of indentation are minimized with respect to the process 
parameters. 
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2. AFM process  
Figure 1 shows the schematic diagram of the developed experimental setup of hydraulic powered one-way type 
abrasive flow machine. It consists of abrasive slurry cylinder, hydraulic cylinder, control valves, hydraulic power 
pack and flexible hoses. The hydraulic cylinders are driven by the hydraulic power pack to give the linear movement 
to push the abrasive slurry present in the slurry cylinder through the workpiece to be machined. The hydraulic 
cylinder and abrasive cylinder are coupled together using flexible coupling. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Schematic diagram of the Abrasive Flow machine.
3. AFM process models 
        ANSYS FLUENT CFD simulation has been carried out by considering one quadrant of abrasive flow medium 
along with workpiece. Scratching action of abrasive particle results in material removal in which the normal force 
applied to a spherical grain will cause it to penetrate in the surface shown in Fig. 2 (a).  
 
 
 
 
 
 
Fig. 2. (a) Schematic diagram of a spherical abrasive grain (b) Simplified surface geometry [7]. 
The grain produces a groove on the workpiece surface whose section corresponds to the profile of the grain. As the 
grain is translated horizontally, it removes material from the workpiece surface. The amount of stock removal is 
then equal to the total volume of the grooves produced on the workpiece surface by each grain in the media. If the 
number of active grains, their shape and depth of the groove produced are known, the volume of stock removal can 
be calculated. The assumptions and equations for calculating material removal rate and surface finish are defined by 
Jain et al. [7]. The following assumptions are made during AFM process. 
1. Most of the abrasive grains are blocky crystals approximated to be spherical in shape.  
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2. Each grain consists of a single active cutting edge and all active grains are of the same size. If there is more than 
one cutting edge on one grain, there is no space to store the chip between the cutting edges.  
3. Load on each particle is constant and equal to the average load. 
4. Every abrasive grain is assumed to achieve the same penetration depth depending upon the applied force. 
3.1. Material removal 
     Normal force (Fn) acting on a spherical grain will cause it to penetrate the surface just as a Brinell ball makes a 
dent during the hardness test. When this grain is translated horizontally with velocity (Vf), the plastically deformed 
zone beneath the surface will be inclined and give rise to upward flow thus forming a chip which is subsequently 
sheared from the surface. 
Indenting force Fn (normal force) on a spherical grain of diameter dg is given by 
4
2
g
rn
d
F
S
V                                                                                                     (1) 
Where, ır is normal stress acting on the grain. If a is the radius of the projected area of indentation 'A is 
projected area, and Hw is hardness of workpiece material, then 
2aHAHF wwn S '                                           (2) 
From the geometry of Fig. 2 (a), radius and depth of indentation (t) can be obtained as follows.  From Eq. (2) 
radius of the projected area ‘a given as   
Sw
n
H
Fa                                               (3)    
From the geometry of Fig. 2 (b) by using Pythagorean theorem on ¨OAB the projected area ‘a’ of the indent made 
is resulting from depth of indentation (t) 
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Substituting the value of ‘a’ from Eq. (3), into Eq. (4), depth of indentation (t)  
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From triangle ' OAB of Fig. 2 (b) angle T  can obtained 
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The cross sectional area of groove generated Ac (shaded portion of the grain Fig. 2 (a) can be derived from the 
geometry. Area of segment ADCA can be obtained by subtracting area of triangle ¨AOC from area of sector 
OADCO. 
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Substituting the value of ‘a’ and ‘ș’from Eq. (5) and Eq. (7) into Eq. (8) the cross sectional area of groove (Ac ) is 
obtain 
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Therefore, volume of the material removed (Va) by an abrasive grain is equal to the product of area Ac and length of 
contact Li of grain with workpiece surface. 
ia LAV
'                                                                                                                                                                     (10) 
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In practice, the total material removal is made up of a number of similar processes. Let N be the number of 
abrasive grains simultaneously acting per unit area of contact. Then, total number of abrasive grains (Ns) indenting 
in the workpiece surface per stroke is given by  
pfSWs VVLNRN /2S                                                                                        (12)  
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s
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N
V
V
S2
                    (13) 
Where, Ls is stroke length, Vp is velocity of piston, Vf is velocity of flow across workpiece surface, and Rw is 
radius of cylindrical workpiece. From continuity equation  
2
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Where, Rc is radius of media cylinder. By substituting the value of (Vf)/(Vp) from Eq. (13) into Eq. (14), Ns can be 
calculated as given below. 
2
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Hence, volumetric material removal in ith stroke (Vi) in AFM process is driving as  
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This simplified model suggests that material removal per unit length of sliding depends on depth of indentation 
(t), size of abrasive grains (dg), and total number of abrasive grains (N) for the given size of workpiece and media 
cylinder. 
3.2. Surface roughness 
It is assumed that the surfaces of the workpiece have uniform profile without statistical distribution, that they 
have an initial surface roughness oaR , and that the abrasives move in the length direction of the scratches [2]. There 
is a constant ratio between peak to valley roughness Rt and arithmetic average roughness Ra. Let iaR  be the surface 
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roughness obtained after ith stroke during AFM. From Fig. 2 (b), the actual contact length (Li) between the 
workpiece and a spherical abrasive is given as  
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Substituting the value of Li from Eq. (17) into Eq. (16), the volumetric material removal in ith  stroke Vi is given as  
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Total material removal in n number of cycles is evaluated by summing up volume material removal in ith stroke is 
given as                                                                                                                                                     
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Weight of material removed Wm in n number of cycles is given by  
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Where, Uw is the density of workpiece material for a machined surface, the ratio of peak-to-valley roughness (Rt) 
and arithmetic average roughness (Ra) is closer to 5 for ground surfaces and is about 10 for honed surfaces. This 
ratio is assumed as 7 for the surface used for AFM in the present case. [5] Material removed in ith stroke = actual 
contact length X width of workpiece X total height of material removed 
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Substituting the value of Vi from Eq. (18) into Eq. (21), and simplifying, we get 
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Substituting the value of D from Eq. (22) into Eq. (23), 
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A critical surface roughness (Rcr) may exist at the given machining force, because of the indentation of the 
cutting edge into the workpiece, such that the surface roughness will no longer improve beyond that. The critical 
surface roughness is equal to the depth of indentation of spherical abrasive grain in the machined surface. 
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4. Result and discussion 
Normal force and the axial force are generated when extrusion pressure is applied on the medium by the piston. 
Normal force is responsible for the indentation of the abrasive grain on the workpiece surface while axial force is 
responsible for material removal from workpeace. The axial stress, normal stress and velocity contour are obtained 
using CFD simulation. Based on this CFD results it is possible to calculate various responses like axial force, normal 
force, depth of indentation and volume of material removal are determined.  
The pressure distribution is shown in Fig.3 (a) and 3 (b). From the figure it is clear that static pressure remains 
small change up to the narrow part of nozzle then after crossing narrow part start to decrease fast. The velocity 
distribution is shown in Fig.3 (c) and 3 (d) respectively. It is clear that the velocity changes when the medium flows 
through the narrow pipe. The velocity magnitude will always be maximum at the center or axis and minimum near 
the walls. 
 
 
 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
      
 
 
 
 
 
 
 
       Taking hardness value 120 HB and from CFD calculation the radial and axial stress on the mild steel workpiece 
material is 250 Pa and 4000 Pa respectively. Using the radial stress, the normal force or radial force is obtained as 
Fn= 8.295 X 10-7 N The indentation diameter is determined as di = 2.996 X 10-5 mm. The depth of indentation is 
obtained as t = 3.453 X 10-9 mm. The projected area is 0.1522717 mm2. Axial force is determined as Fa = 1.33X10-5 
N. The axial force is larger than radial force. It is quite clear that the material removal is taking place in this case due 
to axial force. So volume of material removed in this case is va = projected area X length = 5.329 mm3. Table 1 
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(b) Variation of static pressure along axial length  
Fig.3. Contour plots and their variation along the axial length of workpiece
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(g) Contours plot of radial stress (h) Variation of radial stress along axial length 
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shows the input and output boundary condition maintained in simulation with respect to experimental conditions. 
Table 2 shows the CFD analysis results and analytical results calculated by using equations. 
 
          Table 1 Input and output boundary conditions 
 
Input parameters Values 
Volume fraction 50 % 
Abrasive size 65 μm 
Pressure inlet 7.5 MPa 
Pressure outlet Atm. Pressure, MPa 
Media velocity 0.008 m/s 
 
           Table 2 CFD and analytical results 
 
Normal force 
(Fn), N
Axial force
(Fa), N
Indentation diameter 
(di), mm
Depth of indentation 
(t), mm
Projected area
(Ac), mm2
Volume of material removed 
(Va), mm3
8.29 X 10-7 1.32 X 10-5 2.9 X 10-5 3.453 X 10-9 0.1522 5.329 
5. Conclusion  
The CFD simulation studies of the AFM process were carried out using ANSYS FLUENT software tool to 
investigate the volume of material removed, which in turn depends on the axial stress and  radial stress, CFD 
simulation also shows the velocity contour and pressure contour distribution inside the workpiece. From CFD 
analysis stress at the workpiece surface is taken and then the axial force and normal forces area calculated. The 
velocity is maximum at the center and minimum near the walls. The velocity is low before entering into the narrow 
part of divergent convergent nozzle and suddenly starts to increase because of sudden change of area of cross 
section. The static pressure remains constant in the media cylinder and starts to decrease gradually after passing 
divergent side of divergent convergent nozzle. The simulated pressure drop highly depends on the wall boundary 
condition that varies from no slip to finite and slip free as the former result varying in high pressure difference. The 
axial and radial forces also calculated. Normal force is responsible for the indentation of the abrasive grain on the 
workpiece surface while axial force is responsible for material removal from work peace. From the result we can 
conclude that the axial force is larger than radial force which accounts for the material removal.  
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